P seudomonas syringae pv. tomato DC3000 is a hemibiotrophic Gram-negative bacterium that is the causative agent of bacterial speck disease in susceptible cultivars of tomato (Solanum lycopersicum) and a virulent pathogen of the model plant Arabidopsis thaliana. P. syringae can live both as an epiphyte and in the aerial tissues of its host plants. It infects its host through wounds or natural openings such as stomata and lives extracellularly in the apoplast. Plants can recognize conserved molecules on invading microbes called pathogen (microbe)-associated molecular patterns (PAMPs/MAMPs) using pattern recognition receptors (PRRs). This recognition leads to activation of a set of host immune responses aimed at the removal or restriction of the invading microbe. These responses are collectively termed PAMPtriggered immunity (PTI) (2, 40) . In order to be a successful pathogen, P. syringae must suppress, tolerate, or evade the PTI response of its host plant.
One of the earliest outputs of PTI in Arabidopsis is an oxidative burst that occurs within minutes of pathogen detection (30, 40) . This oxidative burst consists of a rapid and transient production of reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) and superoxide (O 2 Ϫ ). In Arabidopsis, the apoplastic oxidative burst appears to be, at least in part, due to activation of the plasma membrane-localized NADPH oxidases AtrbohD and AtrbohF (6, 29, 50) and apoplastic and peroxisomal peroxidases (10, 36) . In addition to the apoplastic oxidative burst, plant ROS are also produced by perturbations in metabolic processes, particularly the uncoupling or inhibition of photosynthesis and photorespiration (23) .
ROS play multiple roles in plant defense, as they can be signaling molecules, form oxidative cross-linkages in the plant cell wall to prevent pathogen ingress, or impact bacterial growth (46) . The high levels of ROS that accumulate in the apoplast during the oxidative burst could potentially kill invading microbes directly. ROS are toxic for bacteria, as they cause DNA breakage, oxidation of critical enzymes, and lipid peroxidation leading to defective DNA replication and malfunction of proteins and membranes (5, 18, 25) . Consequently, ROS, including H 2 O 2 , could limit the ability of DC3000 to multiply and survive in the plant apoplast. It is therefore critical for P. syringae to suppress and/or detoxify these ROS in order to be pathogenic in its host plant.
Like other pathogens, P. syringae uses multiple strategies to overcome plant innate immunity and to cause disease in host plants. A major virulence mechanism of DC3000 is the injection of a battery of virulence proteins called type III effectors into the plant cell by using the type III secretion system. Many of these type III effectors suppress plant innate immunity, and several have been shown to interact with and inhibit PRRs and other PTI signaling components (1) . This inhibition attenuates but does not eliminate the production of the oxidative burst; therefore, P. syringae must retain the ability to detoxify apoplastic H 2 O 2 . Several bacterial pathogens have been shown to use catalases to detoxify H 2 O 2 by converting it to water and oxygen. For example, a catalase of the human pathogen Pseudomonas aeruginosa is induced in response to oxidative stress and provides resistance to H 2 O 2 (3, 34) . In addition, the catalases of phytopathogenic or plant-associated bacteria such as P. syringae pv. phaseolicola (37) , Pseudomonas putida (24) , and Sinorhizobium meliloti (19) are also induced in planta, indicating that bacterial catalases may be involved in the detoxification of plant-produced ROS.
Most pathogenic P. syringae strains, including the sequenced strains P. syringae pv. phaseolicola 1448a and P. syringae pv. syrin-gae B728a, have 5 catalases. These are the heme-containing catalases katA, katB, katE, and katG and a nonheme catalase (12, 22) . However, DC3000 contains only three of these catalase genes: katB (PSPTO_3582), katE (PSPTO_5263), and katG (PSPTO_4530) (4) . KatB and KatE are monofunctional catalases, whose substrate is exclusively H 2 O 2 , while KatG is a bifunctional catalase, also known as hydroperoxidase, which exhibits both catalase and peroxidase activity (42) . Bifunctional catalases are able to use organic peroxides as substrates as well as H 2 O 2 . Different species of phytopathogenic bacteria have been shown to use different catalases to assist in their virulence in planta. For instance, Agrobacterium tumefaciens uses KatA, Xanthomonas campestris pv. campestris uses KatA and KatG, and Xanthomonas axonopodis pv. citri uses KatE (21, 45, 49) . Interestingly, the symbiotic bacterium Sinorhizobium meliloti uses both mono-and bifunctional catalases to aid its symbiosis (20, 41) . It is not known which, if any, of DC3000's catalases protect it from plant-derived ROS or if they play an important role in its virulence. Here, we assess the relative roles of the catalases of DC3000 and show that catalases are important P. syringae virulence factors.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All Escherichia coli strains were grown in LM medium with appropriate antibiotics at 37°C. Pseudomonas syringae pv. tomato DC3000 strains were grown in King's B (KB) medium (26) or Casamino Acids M9 medium at 30°C. Antibiotics were used at the following concentrations: ampicillin (Ap), 100 g ml Ϫ1 ; gentamicin (Gm), 1 g ml Ϫ1 ; kanamycin (Km), 50 g ml Ϫ1 ; rifampin (Rif), 100 g ml Ϫ1 ; spectinomycin (Sp), 50 g ml Ϫ1 ; and tetracycline (Tc), 20 g ml Ϫ1 . DNA manipulation. Well-described protocols were followed for standard DNA manipulations (39) . Restriction enzymes, T4 ligase, and DNA polymerase were purchased from New England BioLabs (Beverly, MA). The thermostable Pfu DNA polymerase (Stratagene, La Jolla, CA) was used to amplify the desired DNA fragments by PCR. Oligonucleotide primers were ordered from Integrated DNA Technologies (Coralville, IA). For cloning using Gateway technology, the PCR-amplified DNA regions were cloned into the pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA). The resulting pENTR constructs were recombined with Gateway destination vectors by LR reaction using LR Clonase (Invitrogen) according to the manufacturer's instructions.
Construction of DC3000 catalase mutants. An unmarked mutagenesis strategy modified from House et al. (17) was used to construct DC3000 catalase mutants. Briefly, upstream or downstream DNA regions of each catalase gene were PCR amplified with Pfu polymerase (Stratagene) and then cloned into the pENTR/D-TOPO vector (Invitrogen, Carlsbad, CA). The upstream and downstream DNA regions of katB were amplified with primer pairs P2587 (5=-CACCAAGGCTTACCGGGGCT GAATG-3=)/P2588 (5=-CGGCATTTTGAATCCCTCATATTT-3=) and P2593 (5=-CACCAAGGTCAAGTCACTGGCTG-3=)/P2592 (5=-AATGG CACCAGTGCGTTCATC-3=), respectively; those of katE with primer pairs P2594 (5=-CACCAGCGCGATGGCAGTGACG-3=)/P2595 (5=-AG CCATCAGAAACTCCTTATC-3=) and P2596 (5=-CACCGCTTGATCTA AACGCCAG-3=)/P2597 (5=-ATGGCTGATTTTCTACTG-3=), respectively; and those of katG with primer pairs P2598 (5=-CACCCCGGAAG ATTCTCGCC-3=)/P2599 (5=-TGACATGCTTGATACACC-3=) and P2600 (5=-CACCTGAACCTGGACCGTTTCG-3=)/P2601 (5=-ATGCTC CATTTATTCCGC-3=), respectively. The resulting pENTR constructs were recombined with suicidal destination vector pMK2016 or pMK2017, respectively, using LR Clonase according to the manufacturer's instructions. The pMK2016 and pMK2017 derivatives were recombined into the DC3000 chromosome by triparental or biparental mating. The conjugating plasmid pBH474, which constitutively expresses flp recombinase, was then introduced into the resulting strains to excise the targeted catalase genes. The strains were cured of the plasmid, and colonies sensitive to both tetracycline and spectinomycin were identified as catalase deletion mutants. The flp recombinase-dependent deletion results in a 230-bp scar between the flanking sequences of the deleted gene (17) . All mutants were confirmed by sequencing the PCR-amplified scar using primers to the flanking sequences of the genes.
For the complementation strains, catalases under the control of their native promoters were expressed individually using the Tn7 expression system (7) . The catalase genes with their native promoters were amplified using P3391 (5=-CACCACTAGTACGACACTGTCATCTTCCTG-3=) and P2621 (5=-GTATAGCCTTGTTCGTC-3=) for katB; P2978 (5=-CAC CACTAGTTCAGCGCAGTGGCAGGACGC-3=) and P3393 (5=-AGTAA GCTTCTCCTTATCTCGACCCAATC-3=) for katE; and P2980 (5=-CAC CACTAGTTGGCAGAGCCCTTCGCTACGC-3=) and P2826 (5=-GGTG GATGTGCATTTGAAG-3=) for katG. The PCR fragments were cloned into pENTR, resulting in pLN4540 (katB), pLN4543 (katE), and pLN4539 (katG). The above plasmids were recombined with the Gateway compatible Tn7 vector pUC18T mini-Tn7T-Gm-GW, resulting in Tn7 constructs pLN4225 (katB), pLN4223 (katE), and pLN4224 (katG). The resulting Tn7 constructs were coelectroporated with the helper plasmid pTNS2 into their respective mutant strains. The gentamicin-resistant colonies were selected for Tn7 transposition events. Plasmids and strains used in this study are listed in Table 1 .
Hydrogen peroxide inhibition zone assay. The H 2 O 2 growth inhibition assays were performed as described by Xu and Pan (49) , with modifications. Briefly, DC3000 strains were grown overnight at 30°C on KB plates. The cultures were resuspended in liquid KB medium, adjusted to an optical density at 600 nm (OD 600 ) of 0.3, and mixed with 0.4% (wt/vol) agar at a ratio of 1:10 (vol/vol). Five milliliters of the mixture was layered on plates containing 20 ml of KB agar. A filter disk of 0.5 cm in diameter was then placed in the center of the plate, and 10 l of 3% H 2 O 2 (vol/vol) was applied to the disk. The plate was incubated at 30°C overnight. Pictures were taken after incubation, and the diameters of the inhibition zones were measured.
Menadione growth inhibition assay. DC3000 strains grown overnight on KB plates were resuspended in liquid KB medium and adjusted to an OD 600 of 0.1. Tenfold serial dilutions were made in liquid KB medium, and 5 l of each dilution was spotted onto KB plates with or without 0.2 mM menadione. Pictures were taken after incubation at 30°C for 2 days.
In vitro catalase assay. Crude total protein extracts of DC3000 strains were used to determine total catalase activity. DC3000, the catalase mutants, and the catalase mutants expressing catalases under the control of their native promoters in the Tn7 system were grown in 5 ml of liquid M9 Casamino Acids medium at 30°C to stationary phase. Cells were harvested from 2 ml of culture, and total protein was extracted by sonication. Protein concentration was determined using a Bradford assay, and catalase activity was determined using the catalase fluorometric detection kit (Assay Designs) according to the manufacturer's instructions.
Catalase assay for purified recombinant catalases. All three DC3000 catalase genes were cloned into pGEX-5X-1 as N-terminal glutathione S-transferase (GST) fusions. katB was amplified with primers P3742 (5=-CACCGGATCCCCATGCCGTTATTAAACTGGTC-3=) and P3743 (5=-AGTACTCGAGTCAGTCTTTCAGGCTGGCAG-3=); katE with primers P3744 (5=-CACCGGATCCCCATGGCTAGCAAGAAAGCACC-3=) and P3745 (5=-AGTAGTCGACTCAAGCCGGAACAGCTTTGG-3=); and katG with primers P3746 (5=-CACCGGATCCCCATGTCAACTGAATC GAAATG-3=) and P3747 (5=-AGTACTCGAGTCAAGCGAGGTCGAAA CGGT-3=). The above DNA fragments were cloned into the BamHI and XhoI sites of pGEX-5X-1, resulting in pLN4180, pLN4181, and pLN4182, respectively. The GST-tagged catalases were induced in E. coli BL21 cells with 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Cells were lysed by sonication in 1ϫ phosphate-buffered saline (PBS) with Complete EDTA-free protease inhibitor (Roche), and 0.5% (vol/vol) Triton X-100 was added. GST-tagged proteins were purified using the BugBuster GSTbind purification kit (Novagen) according to the manufacturer's instruc-tions. Catalase-specific activity was determined for the purified proteins in 60 mM KH 2 PO 4 (pH 7.5) with 8.8 mM H 2 O 2 . One unit of activity is defined as the amount of enzyme that will decompose 1.0 mol of H 2 O 2 per min at pH 7.5, as measured by the rate of decrease of A 240 .
Analysis of catalase gene expression. Catalase mRNA levels were measured by semiquantitative reverse transcription (RT)-PCR. For transcription analysis in culture, DC3000 was grown in liquid M9 Casamino Acids medium at 30°C to an OD 600 of 0.3 and H 2 O 2 was added to a final concentration of 1 mM. Samples were taken at the indicated time points and cells harvested and flash frozen in liquid nitrogen. For expression of DC3000 catalase genes in planta, 2 ϫ 10 8 cells ml Ϫ1 of DC3000 in 10 mM MgCl 2 was syringe infiltrated into Arabidopsis Col-0 leaves. Leaf disks of 1 cm 2 were harvested at the indicated times and flash frozen in liquid nitrogen. RNA was extracted using the RNeasy plant mini spin kit (Qiagen) with on-column DNase digestion according to the manufacturer's instructions. RNA was quantified and cDNA synthesized using Retroscript (AMBION) with random decamer priming. PCR was performed using an icycler (Bio-Rad) with IQ-SYBR-green supermix (Bio-Rad). katB was amplified with primers P4008 (5=-CGACCTGAGCAAGGCGACCG-3=) and P4009 (5=-GCGCAGGGTTTCTGGCGAGT-3=); katE with primers P4010 (5=-CAGTGGACGGCGGCTTCGAG-3=) and P4011 (5=-GCGCT CGACCTTGCCCAACT-3=); and katG with primers P4012 (5=-ACGTCG GGCAGAGCAAGCAC-3=) and P4013 (5=-TCGTTGGCACCCGAAGTC GC-3=). RNA levels were normalized with 16S rRNA using primers P4006 (5=-GATCCAGCCATGCCGCGTGT-3=) and P4007 (5=-GCGGCTGCT GGCACAGAGTT-3=). Relative RNA levels were calculated using the formula 10 (⌬CT/3) ϫ 100, where ⌬C T is the difference in cycle threshold between the catalase and 16S rRNA. Fold increase of expression compared to that at time zero was then determined.
Analysis of catalase protein expression. The Tn7 expression system was used to express catalases tagged with a hemagglutinin (HA) epitope at their C termini under the control of their native promoters in the catalase single mutants (7) . Catalase genes fused to the HA epitope with their native promoters were cloned into pENTR/D-TOPO, resulting in plasmids pLN3359 (katB-HA), pLN3357 (katE-HA), and pLN3358 (katG-HA). katB-HA was amplified with primers P2976 (5=-CACCACTAGTCATCAAATAGCCACTAACCG-3=) and P2977 (5=-GATCAAGCTTTCAAGCGTAATCTGGAACATCGTATGG GTAGTCTTTCAGGCTGGCAGCCAG-3=); katE-HA with primers P2978 (5=-CACCACTAGTTCAGCGCAGTGGCAGGACGC-3=) and P2979 (5=-ATCAAGCTTTCAAGCGTAATCTGGAACATCGTATGGGT AAGCCGGAACAGCTTTGGCCTTC-3=); and katG-HA with primers P2980 (5=-CACCACTAGTTGGCAGAGCCCTTCGCTACGC-3=) and P2981 (5=-GATCAAGCTTTCAAGCGTAATCTGGAACATCGTATGG GTAAGCGAGGTCGAAACGGTCCAG-3=). pLN3359 (katB-HA), pLN3357 (katE-HA), and pLN3358 (katG-HA) were recombined with the Gateway-compatible Tn7 vector pUC18T mini-Tn7T-Gm-GW, resulting in Tn7 constructs pLN4381 (Tn7-katB-HA), pLN4379 (Tn7-katE-HA), and pLN4380 (Tn7-katG-HA), respectively. The Tn7 constructs were coelectroporated with the helper plasmid pTNS2 into their respective mutant strains. The gentamicin-resistant colonies were selected for Tn7 transposition events. To determine the response to H 2 O 2 , the resulting strains were grown in liquid M9 Casamino Acids medium at 30°C to an OD 600 of 0.3, and H 2 O 2 was added to a final concentration of 1 mM. Samples were taken at the indicated time points and cells harvested and flash frozen in liquid nitrogen. Total protein was extracted by sonication in 1ϫ PBS with complete protease inhibitors and quantified using the Bradford assay. For in planta experiments, the same strains were infiltrated into Arabidopsis leaves at a cell density of 2 ϫ 10 8 cells ml Ϫ1 . Leaf disks were sampled with a cork borer at indicated time points after infiltration, and total protein was extracted with 1ϫ PBS with Complete protease inhibitors and quantified using the Bradford assay. The relative levels of catalase proteins were visualized using immunoblotting with anti-HA antibodies.
In planta bacterial growth assay. Arabidopsis plants were grown at 24°C in a growth chamber under 10-h days. Overnight cultures of bacterial strains grown on KB agar were resuspended to a cell density of 10 4 or 10 6 cells ml Ϫ1 in 10 mM MgCl 2 and infiltrated into fully expanded leaves of 5-week-old Arabidopsis plants with a needleless syringe. Leaf disks of 0.5 cm in diameter were collected with a cork borer at the indicated time points, the samples were ground, and serial dilutions were plated onto KB agar. The bacteria were enumerated after 2 to 3 days at 30°C.
RESULTS
All three DC3000 catalases are active, and KatG is the major housekeeping catalase in culture. Three catalase genes, katB, katE, and katG, were identified in the DC3000 genome (4) . In order to understand the relative importance of these catalases for DC3000, we first determined if these genes encode active catalases.
The recombinant catalases were expressed as N-terminal GST fusions in E. coli and purified using glutathione resin. Specific activities of each purified catalase-GST as well as that of a GST control were determined spectrophotometrically by following the loss of H 2 O 2 at A 240 over time (42) . All three catalases were active, and KatG's in vitro specific activity was about 4-fold higher than those of KatB and KatE (Fig. 1A) .
As the in vitro activities of recombinant enzymes do not necessarily reflect their relative importance in vivo, we determined the contribution of each catalase to the total catalase activity of DC3000 using mutants. With unmarked mutagenesis (17), we constructed catalase single mutants UNL204 (katB), UNL213 (katE), and UNL222 (katG); double mutants UNL211 (katB katE), UNL223 (katB katG), and UNL225 (katE katG); and a catalase triple mutant, UNL254 (katB katE katG). The total catalase activity of the mutant strains was then compared to that of wild-type DC3000. The strains were grown to stationary phase in liquid Casamino Acids M9 medium, the cells were harvested and lysed, and the total catalase activity of the crude extracts was determined using a catalase fluorometric detection kit. All catalase mutant strains lacking katG were substantially reduced in catalase activity (Fig. 1B) . Single or double catalase mutants that lacked katG displayed a 95% reduction in catalase activity compared to that of wild-type DC3000. In contrast, single mutants lacking only katB or katE had catalase activity comparable to that of wild-type DC3000 (Fig. 1B ). These data demonstrate that KatG is responsible for the majority of the catalase activity of DC3000 in culture in a manner that is nonredundant with the activities of KatB and KatE. Remarkably, the catalase triple mutant lacking all three catalases was almost completely devoid of measurable catalase activity, indicating that KatB and KatE also contributed a small proportion of the total catalase activity of DC3000 culture (Fig. 1B) . Growth curves in rich media were performed for DC3000 and the DC3000 catalase triple mutant, and no significant growth differences were observed (data not shown). This is interesting because it suggests that other enzymes such as peroxidases can protect DC3000 from respiration-related oxidative stress in the absence of these catalases.
To complement the mutants, we expressed catalase genes individually under the control of their native promoters using a Tn7 expression system (7). The resulting strains were grown in culture, and their catalase activity was determined as described above. Complementation with katG significantly increased the catalase activity of all the mutants lacking katG (Fig. 1B) , confirming that KatG is the major catalase of DC3000 cultures. Complementation with either katB or katE led to a significant increase of the catalase activity only in the triple mutant (Fig. 1B) , indicating that KatB and KatE are indeed functional in DC3000 and probably act in a redundant manner in culture. The 4-fold-higher specific activity of KatG than of KatB and KatE in vitro can partially explain why KatG is the predominant catalase in DC3000 when grown in culture. However, the 95% reduction in total catalase activity of the katG single mutant compared to that of wild-type DC3000 suggests that factors such as expression levels of the enzymes also contribute to predominance of KatG.
KatB accumulation in DC3000 is strongly induced by exogenous H 2 O 2 . KatG appears to be the major catalase of DC3000 in culture; however, KatB and KatE are also functional. It is therefore likely that these catalases play specific roles in DC3000. One possible role is the removal of exogenous H 2 O 2 that would otherwise be toxic to the bacteria. Catalases with this function are often induced by H 2 O 2 . Therefore, we monitored the levels of the catalases of DC3000 in response to exogenous H 2 O 2 using a twopronged approach. First, semiquantitative RT-PCR of DC3000 was used to measure the responsiveness of each catalase to the addition of 1 mM H 2 O 2 ( Fig. 2A) . Second, immunoblots of catalase single mutants complemented with their respective hemagglutinin-tagged catalases, under the control of their native promoter, were used to determine protein levels of the catalases in culture in response to 1 mM H 2 O 2 (Fig. 2B ). In the absence of H 2 O 2 , at time zero KatE-HA and KatG-HA were present at similar levels, whereas KatB-HA was below the level of detection (Fig. 2B) . Upon addition of H 2 O 2 , katB showed a massive increase of transcripts, of around 200-fold, while katG displayed a more modest induction ( Fig. 2A) . This increased transcription correlated with an induction of KatB-HA at the protein level (Fig. 2B) . The levels of KatB and KatE were reduced at about 60 min, presumably as H 2 O 2 is removed by the catalases (Fig. 2B) . KatG showed a slight increase in accumulation at around 120 min that potentially correlates with a reduction in the amount of KatB and KatE. The low levels of KatB in culture and its rapid and massive accumulation in response to exogenous H 2 O 2 strongly suggest that a major function of this catalase in DC3000 is the detoxification of exogenous H 2 O 2 .
The catalases KatB and KatG protect DC3000 from exogenous and endogenous H 2 O 2 toxicity. The expression patterns of DC3000 catalases indicate that KatB may play a major role in detoxifying exogenous H 2 O 2 (Fig. 2) . To investigate this, we performed H 2 O 2 inhibition zone assays (43, 49) with the catalase mutant strains. In this assay, bacteria are plated on solid KB media and H 2 O 2 is spotted onto a filter paper disk placed in the center of the plate. H 2 O 2 diffuses through the media, and the area of growth inhibition observed correlates with the concentration of H 2 O 2 that the bacterial strains are able to detoxify. The smaller the inhibition zone, the greater the ability of the bacteria to detoxify H 2 O 2 .
As expected, of the strains tested, the catalase triple mutant was the most sensitive to H 2 O 2 , exhibiting the largest growth inhibition zone (Fig. 3A) . This is consistent with its almost complete loss of catalase activity (Fig. 1B) . We next determined whether individual catalases were able to increase the resistance of the triple mutant to H 2 O 2 . This was accomplished using the triple mutant strain complemented with single catalases under the control of their native promoters via the Tn7 system. This assay showed that the expression of katB in the triple mutant led to the most prominent reduction in the size of the H 2 O 2 inhibition zone (Fig. 3A) . The expression of katG in the triple mutant also enhanced its resistance to H 2 O 2 , although to a lesser extent than katB (Fig. 3A) . However, the expression of katE in the triple mutant did not significantly alter its ability to detoxify H 2 O 2 (Fig. 3A) . These data show that both KatB and KatG enhanced the H 2 O 2 tolerance of DC3000, allowing it to grow better in the presence of exogenous H 2 O 2 .
To confirm the relative importance of KatB and KatG in H 2 O 2 detoxification, we examined the H 2 O 2 inhibition zones of the single and double catalase mutants and their complemented strains. Of the catalase single mutants, the katB mutant was most sensitive to H 2 O 2 , followed by the katG mutant, while the katE mutant displayed an almost wild-type ability to detoxify H 2 O 2 (Fig. 3B) . The phenotypes of the katB and katG mutants were comple-
FIG 1
KatG has the highest specific activity of recombinant DC3000 catalases, and katG mutants have the greatest reduction in catalase activity in in vitro catalase assays. (A) Catalase activity of purified recombinant catalase proteins. The catalases KatB, KatE, and KatG from DC3000 were expressed as N-terminal GST fusions in E. coli. Specific catalase activity was determined for the purified proteins by measuring the rate of H 2 O 2 degradation (reduction of absorbance at 240 nm). One unit of catalase is defined as the amount of enzyme that decomposes 1.0 mol of H 2 O 2 per minute at pH 7.5. The values are means Ϯ standard errors from six replicates. All three recombinant proteins are active catalases, and KatG has a 4-fold-higher specific activity than KatB and KatE. (B) Catalase activity in crude extracts of DC3000 and catalase mutant strains. Wild-type DC3000, the catalase mutants, and their complemented strains were grown in M9 Casamino Acids liquid medium. The catalase activity of total soluble protein extracts was determined using a fluorometric catalase detection kit. Values are means Ϯ standard errors from six replicates. All strains lacking katG showed significantly less catalase activity than wild-type DC3000 or strains lacking only katB and/or katE. katB/E, katB/G, katE/G, and katB/E/G stand for katB katE, katB katG, and katE katG double mutants and katB katE katG triple mutants, respectively. mented by katB and katG, respectively. Of the catalase double mutants, the katB katG mutant had the largest inhibition zone, followed by the katB katE and katE katG mutants, respectively (Fig. 3B ). Tn7 complementation with either katB or katG reduced the inhibition zones of the double mutants lacking either katB or katG, respectively (Fig. 3B) . The additive effect of the loss of katB and katG on the sensitivity of DC3000 to H 2 O 2 in the double mutant was expected. Concurrent with the minor contribution of katE, this double mutant is as sensitive to H 2 O 2 as the catalase triple mutant. An unexpected result was the additive effect of the loss of katE to the loss of katB in the katB katE double mutant, which was not seen in the katE katG double mutant (Fig. 3B) . These data suggest that KatE may play a subtle role in detoxifying H 2 O 2 that is linked to that of KatB, possibly due to common regulatory factors. These data demonstrate that KatB and KatG play nonredundant roles in DC3000 for the detoxification of exogenous H 2 O 2 . (11, 13, 31, 35) . To investigate the ability of catalases to remove endogenous H 2 O 2 , we compared the growth of wild-type DC3000 to that of the catalase mutants on plates containing menadione. Of the single mutant strains, only the katG mutant displayed significantly reduced growth on menadione compared to that of DC3000 (Fig. 4A) . Complementation of the katG mutant restored its growth to wildtype levels, suggesting that KatG is the DC3000 catalase responsible for detoxifying the majority of H 2 O 2 generated by menadione.
Interestingly, the katB katG double mutant and the triple mutant were further impaired in their ability to grow on menadionecontaining plates (Fig. 4B) . Expression of either katB or katG in the katB katG double mutant or the triple mutant enhanced their menadione tolerance, indicating that both KatB and KatG function to protect cells from menadione toxicity (Fig. 4B and C) . In contrast, disruption of katE in the single, double, or triple mutants had little effect on bacterial growth, nor was the expression of katE able to exert a protective effect on any of the mutants, suggesting that KatE is not able to alleviate menadione toxicity. These data clearly show that in DC3000 KatG is responsible for removing the majority of the menadione-generated (i.e., intracellular) H 2 O 2 , while KatB removes a minor portion of it. KatE is apparently not significantly involved in removing this source of endogenous H 2 O 2 .
All three catalases are induced in planta, and KatB and KatG have nonredundant roles in the virulence of DC3000. Plants initiate a series of immune responses when perceiving microorganisms. One of the earliest responses is an oxidative burst that includes the production of H 2 O 2 by plasma membrane-localized NADPH oxidases and peroxidases (10, 36, 47) . The resulting rapid increase in apoplastic ROS is potentially toxic for DC3000. As catalases are responsible for protecting DC3000 from exogenous H 2 O 2 , we speculated they may also provide protection against this oxidative burst and, therefore, be important for the virulence of DC3000. To determine the roles of these catalases in the virulence of DC3000, we first analyzed whether they accumulate when the bacteria infect their host plants. Semiquantitative RT-PCR was used to measure the expression of each catalase in wild-type DC3000 syringe infiltrated at 2 ϫ10 8 cells ml Ϫ1 into the leaves of Arabidopsis plants (Fig. 5A ). All three catalases were transiently induced in planta between 0.5 and 2 h postinoculation, with katB and katE showing a 10-fold induction and katG a 4-fold induction (Fig. 5A) . Protein levels of the catalases in planta were assessed using anti-HA immunoblots of Arabidopsis leaves infiltrated with 2 ϫ10 8 cells ml Ϫ1 of the catalase single mutants complemented with their respective HA-tagged catalases under the control of their native promoters (Fig. 5B) . Immunoblots showed that KatE and KatG accumulated to similar levels but KatB expression was below the level of detection (Fig. 5B) . These data show that the transcripts of all three catalases accumulate in DC3000 during its interaction with Arabidopsis. It is likely that they are important for P. syringae to survive in its host. catalase genes in planta. Wild-type DC3000 at 2 ϫ 10 8 cells ml Ϫ1 was infiltrated into Arabidopsis leaves. Tissues were harvested at the indicated times, and catalase gene expression relative to 16S rRNA was determined by semiquantitative RT-PCR. Values are means of fold increase Ϯ standard deviations from three replicates of each gene compared to itself in an uninduced control. The expression of all three catalases was induced in planta. (B) Accumulation of DC3000 catalase proteins in planta. Catalase single mutant strains expressing HA-tagged versions of their respective catalases driven by their native promoters in a Tn7 system were syringe infiltrated at 2 ϫ 10 8 cells ml Ϫ1 into Arabidopsis leaves. Tissues were harvested at the indicated times, and catalase protein levels were determined by immunoblotting with anti-HA antibodies. The catalases KatE and KatG are present at higher levels than KatB and induced when DC3000 is in planta. Each experiment was repeated three times with similar results.
To directly test if these catalases impact the virulence of DC3000, we compared the growth of the catalase single mutants and their complemented strains to that of wild-type DC3000 in Arabidopsis. We syringe infiltrated 1 ϫ 10 6 cells ml Ϫ1 of bacteria into Arabidopsis plants and enumerated the bacteria in leaf disks 0 and 24 h after infiltration (Fig. 6A) . Both katB and katG single mutants displayed a 3-fold reduction in growth in planta compared to that of wild-type DC3000, and their growth was restored in the complemented mutants. However, the growth of the katE mutant and its complemented strain was similar to that of wildtype DC3000. These data indicate that KatB and KatG play nonredundant roles in the virulence of DC3000.
We next determined the ability of each catalase to enhance the in planta growth of a DC3000 mutant lacking all three catalases. To accomplish this, we compared the growth of DC3000 to that of the catalase triple mutant and the catalase triple mutant complemented with each catalase under the control of its native promoter. We monitored the number of bacteria in Arabidopsis leaf disks at 0 and 24 h after syringe infiltration (Fig. 6B) . As expected, the catalase triple mutant was significantly impaired in its ability to grow in planta compared to wild-type DC3000, probably due to an inability to remove H 2 O 2 produced during the oxidative burst (Fig. 6B) . The triple mutant showed 5-fold-lower growth than DC3000 at 24 h after inoculation. Surprisingly, all three catalases were able to enhance the growth of the triple mutant in planta to similar extents, although none was able to fully restore its growth to wild-type levels.
As the oxidative burst is an early response of plants to microbial infection, the reduction of the growth of the catalase triple mutant at 24 h after inoculation is in line with it being compro-
FIG 6
Virulence assay for DC3000 catalase mutants. (A) Wild-type DC3000, the catalase single mutants, and their complemented strains were syringe infiltrated at 1 ϫ 10 6 cells ml Ϫ1 into Arabidopsis leaves. Leaf disks were sampled 0 and 24 h postinoculation, and bacteria were enumerated. The katB and katG single mutants but not the katE mutant displayed reduced virulence on Arabidopsis compared to that of DC3000. (B) Wild-type DC3000, the catalase triple mutant, and its complemented strains were syringe infiltrated at 1 ϫ 10 6 cells ml Ϫ1 into Arabidopsis leaves. Bacteria were enumerated in leaf disks sampled 0 and 24 h postinoculation. The triple mutant showed a significantly reduced growth in Arabidopsis compared to that of DC3000 and was partially complemented by all three catalases. (C) Wild-type DC3000, the catalase triple mutant, and its complemented strains were syringe infiltrated at 1 ϫ 10 4 cells ml Ϫ1 into Arabidopsis leaves. Four days later, leaf disks were sampled and bacteria enumerated. The virulence phenotype observed at 4 days is consistent with that observed at 24 h postinoculation. Results are representative of three independent repeats. (D) Symptoms of indicated strains from panel C 4 days after inoculation. Different letters over the bars in panels A through C indicate a significant difference (P Յ 0.05). All the experiments were repeated three times with similar results. mised in its ability to overcome this immune response. We next determined whether the loss of catalase activity resulted in a longterm effect on the virulence of DC3000. To do this, we examined growth of wild-type DC3000, the catalase triple mutant, and its complemented strains at later stages of the infection. We enumerated the bacteria at 4 days after inoculation in Arabidopsis plants syringe infiltrated with bacteria at 1 ϫ 10 4 cells ml Ϫ1 . As at the early stages of infection, the growth of the catalase triple mutant was significantly reduced in planta compared to that of wild-type DC3000 at 4 days postinoculation (Fig. 6C) . In line with its reduced virulence, the catalase triple mutant was also reduced in symptom development 4 days after inoculation compared with DC3000 (Fig. 6D) . Consistently, the complementation of the triple mutant with single catalases was able to partially rescue its in planta growth and disease symptoms (Fig. 6C and D) . Complementation of the triple mutant with katB, katE, or katG gives strains growth reductions of 12-, 13-, and 10-fold, respectively, compared to the level for DC3000 at 4 days after inoculation. Growth of the single mutants at 4 days after inoculation was also measured. Both katB and katG mutants showed an 11-fold growth reduction compared to the level for DC3000 (data not shown). These data suggest that KatB, KatE, and KatG are all able to partially protect DC3000 from the toxic effects of plant-derived H 2 O 2 , allowing it to survive and multiply in planta. However, the reduced virulence of the katB and katG single mutants indicates that these two catalases act as virulence factors in a nonredundant manner.
DISCUSSION
In this study, we demonstrated that all three DC3000 catalases (KatB, KatE, and KatG) are active in vitro as purified recombinant enzymes and that KatG has about four times the specific activity of KatB or KatE (Fig. 1A) . Furthermore, we made DC3000 singleand polycatalase mutants and found that mutants that lacked katG were the most reduced in total catalase activity in assays that measured the catalase activity present in soluble extracts (Fig. 1B) . Interestingly, expression of katB was induced substantially more than that of katE and katG after exposure to H 2 O 2 ( Fig. 2A) , and KatB-HA was clearly induced by H 2 O 2 more substantially than KatE-HA or KatG-HA (Fig. 2B) . Based on data shown in Fig. 1 and  2 , it appears that KatG represents a housekeeping catalase while the other two catalases, particularly KatB, are involved in oxidative stress conditions. This is further supported by results from the H 2 O 2 inhibition assays that indicated that the DC3000 polycatalase mutant growth was restored the most when katB was reintroduced into this mutant (Fig. 3A) . In the H 2 O 2 inhibition assays using the different combinations of the DC3000 single and double catalase mutants, it appeared that KatB and KatG contributed the most to H 2 O 2 protection (Fig. 3B) . However, KatE did partially complement the DC3000 double mutants, suggesting that it also contributed to protection from extracellular H 2 O 2 .
The menadione growth inhibition assays on the single catalase mutants clearly indicate that KatG plays the most important role in detoxifying intracellular H 2 O 2 (Fig. 4A) .The assays using polycatalase mutants showed that KatB contributed to detoxifying intracellular H 2 O 2 whereas KatE did not appear to contribute to H 2 O 2 detoxification (Fig. 4B and C) . Collectively, our results show that KatB and KatG are the catalases of DC3000 that are primarily responsible for detoxifying H 2 O 2 . However, the two catalases have differing roles depending on the origin of the H 2 O 2 . In the case of exogenous H 2 O 2 , KatB and KatG appear to have an additive effect, with KatB providing slightly more protection than KatG. In the case of endogenous H 2 O 2 , KatG appears to provide the majority of the protection and KatB's contribution is significant only in the absence of KatG.
The apparent minor role of KatE in DC3000 observed in our assays may be due to it functioning in hitherto unknown conditions not examined in this study. For instance, KatC, a KatE homolog in P. aeruginosa, is a temperature-dependent catalase that protects the bacteria from H 2 O 2 at 42°C but not at 30°C or 37°C (32). Thus, it is possible that KatE is important only under specific environmental conditions. A similar pattern of catalase function is seen in X. campestris pv. campestris, a pathogen that has two monofunctional catalases, KatA and KatE, and a bifunctional catalase, KatG (21) . In our studies, DC3000 KatE does provide a small amount of catalase activity, as the katB katG double mutant has higher catalase activity than the triple mutant (Fig. 1B) .
It is not an uncommon survival strategy for pathogenic bacteria to utilize both a housekeeping catalase and an H 2 O 2 -inducible catalase when they are at risk of exposure to high levels of hostderived H 2 O 2 . Indeed, such a strategy is seen in the opportunistic human pathogen P. aeruginosa, which has three monofunctional catalases, KatA, KatB, and KatC. KatA is the housekeeping catalase, and KatB is expressed at a high level only upon exposure to H 2 O 2 or an oxidative-stress-generating compound (3, 34) . In P. aeruginosa, KatA is present in the cytoplasm and periplasm while KatB is purely cytoplasmic (3). Several lines of evidence indicate that the opposite is true for KatB and KatG in DC3000. KatB from DC3000 is 95% identical at the amino acid level to the catalase CatF from P. syringae pv. syringae 61 (28) , which is located in both the cytoplasm and the periplasm (27) . Furthermore, the signal peptide prediction programs SignalP (http://www.cbs.dtu.dk /services/SignalP/) and SIG-Pred (http://bmbpcu36.leeds.ac.uk /prot_analysis/Signal.html) indicate that the N-terminal 26 amino acids of the DC3000 KatB protein likely acts as a signal peptide, while neither KatE nor KatG has predicted signal peptides. These data indicate that KatB of DC3000 is likely in the periplasm and cytoplasm, while KatE and KatG are likely cytoplasmically localized.
The respective roles of KatB and KatG in DC3000 in response to menadione toxicity differ from the response to exogenous H 2 O 2 toxicity. Menadione is a redox-cycling quinone that can reduce oxygen to superoxide, which can then be converted to H 2 O 2 by superoxide dismutase (35) . KatG from DC3000 may provide a higher level of protection against menadione than KatB due to its predicted predominantly cytoplasmic location, which would place it in closer proximity to the endogenous H 2 O 2 generated by menadione. An alternate possibility is that the bifunctional activity of KatG enhances its ability to detoxify menadione. Other bifunctional catalases have been shown to play a major role in detoxifying menadione, including KatG from X. campestris pv. campestris strain ATCC 33913 (21) and KatA (a homolog of KatG) from A. tumefaciens NTL4 (35) . It is possible that the enhanced ability of bifunctional catalases to detoxify menadione arises from an ability to remove organic hydroperoxides generated by menadione. However, KatA has been shown not to play a major role in protecting A. tumefaciens from organic hydroperoxide toxicity (35) . These data suggest that bifunctional catalases such as KatG may be particularly effective at relieving menadione toxicity, but their mechanism for doing so remains, as yet, undetermined.
The expression of all three catalases of DC3000 is induced when the bacteria are in planta (Fig. 5) , suggesting that their activity is required in this environment. Single mutants in either katB or katG have reduced growth in planta compared to wildtype DC3000 (Fig. 6A) , indicating that these catalases play nonredundant roles in the virulence of DC3000 (Fig. 6) . The catalase triple mutant was severely impaired in its ability to grow and cause disease in Arabidopsis, and all three catalases enhanced the growth in planta of the triple mutant when separately reintroduced, indicating that they each provide a degree of protection against ROS stress during pathogenesis (Fig. 6B and C) . These data suggest that KatB, KatE, and KatG can all contribute to P. syringae pathogenesis, yet they are individually incapable of restoring wild-type growth. This nonredundant role of catalases in virulence is also seen in X. campestris pv. campestris, in which both katA and katG single mutants are avirulent in its host Chinese radish (Raphanus sativus) (21) . Catalases have also been shown to be important in the virulence of other plant-pathogenic bacteria. For example, an A. tumefaciens mutant with loss of function in its bifunctional catalase, katA, has reduced tumor development (49) , and an X. axonopodis pv. citri mutant in its monofunctional catalase, katE, has increased sensitivity to H 2 O 2 toxicity and reduced virulence in citrus plants (45) . The differential use of catalases by many plant pathogens to achieve the same goal lends support to the idea that these catalases were independently adapted to allow the bacteria to overcome defensive production of H 2 O 2 by plants.
The more general importance of catalases for bacterium-plant interactions is seen in their use by symbiotic bacteria such as Mesorhizobium loti, in which the disruption of a single catalase, katE, led to decreased nitrogen fixation (15) . The symbiotic bacterium Sinorhizobium meliloti is similar to DC3000, as it has three catalases, two monofunctional catalases (KatA and KatC), and one bifunctional catalase-peroxidase (KatB). KatA and KatB are both periplasmic, and katA but not katB is inducible by H 2 O 2 (16) . The induction of katC is observed only under heat stress or salt stress or upon treatment with ethanol or the ROS generator paraquat (41) . S. meliloti catalase single mutants are unaltered in their ability to fix nitrogen or form nodules in their host plant, but both katA katC and katB katC double mutants show reduced nitrogen fixation and nodule-forming abilities (20, 41) . Interestingly, the double mutants interfere with nodule formation at different steps, indicating that katA and katB function at different stages of the interaction of the rhizobia with the plants (20) . Due to the similarities with DC3000, this suggests that KatB and KatG from DC3000 may aid the bacteria's growth at different stages of the infection process. Future studies will likely clarify how KatB and KatG enable DC3000 to be a successful pathogen. From the data in our study, one could hypothesize that KatB may be providing direct protection against the oxidative burst while KatG may aid in the detoxification of ROS-generating compounds or the removal of H 2 O 2 produced by stress on the bacteria's metabolism.
When a microorganism comes in contact with a plant cell, the plant's immune response is activated by PTI or effector-triggered immunity, resulting in a wide array of immune responses, including responses that are directed toward fungal, viral, or bacterial pathogens (33, 44) . Thus, while it has been known for many years that these immune responses are successful against saprophytic bacteria and nonadapted and avirulent pathogens, it is not clear which specific immune responses are successful at inhibiting or killing bacteria in the apoplast. When PTI is induced, the ability of P. syringae to inject type III effectors is restricted within the first hour after induction (8) , indicating that early immune responses are effective against P. syringae. ROS production occurs within the first few minutes after PTI is induced (48) , suggesting that it may be an important component of the plant immune response to bacteria. The contribution of the catalases of P. syringae to virulence further suggests this to be the case.
